Abstract: The present paper proposes a new model for lubrication of the hip joint with hyaluronan solutions, considering the squeeze film process of non-Newtonian fluid between rigid spherical surfaces. The rheological model that approximately describes the behaviour of the synovial fluid is the power law model. For the considered case, the pressure distribution, the load capacity, the film thickness and the friction coefficient have been determinated. The conclusions of the paper offer an explication to the development of the osteoarthritis and to the problems of the arthritic patients.
INTRODUCTION
The application of rheology as an aid in understanding healthy body processes and analyzing diseases is a major complement to medical technology. As a logical consequence, the lubrication behavior of natural or artificial joints under physiological loading is one of the important problems studied in literature [1, 2] . Generally, most of the artificial joints currently implanted consist of hard metallic alloys or ceramic femoral heads, articulating in ultra high molecular weight polyethylene acetabular cups, Fig. 1 [3] . In order to replace the functionality and behaviour of the cartilage, a layer of elastic material is placed in the cup, Fig. 2 [3] . [3] . Figure 2 . Acetabular cups [3] .
The artificial joints have been experimentally investigated choosing various physiological lubricants, [3, 4] or theoretically modeled using spherical contact with compliant and porous layers, lubricated with Newtonian fluid [5] .
The present paper proposes a new model for lubrication of the hip joint with hyaluronan solutions, considering the squeeze film process of non-Newtonian fluid between rigid spherical surfaces.
RHEOLOGY OF SYNOVIAL LIQUID
Synovial fluids are the lubricating and cushioning fluids found in joints such as hips, knees, and elbows, and their structure is very complex. Storage and loss module of healthy and pathological synovial fluids were rheologically studied and compared with that of hyaluronic acid of different molecular weights [2] .
The mechanism responsible for the excellent lubricating properties of synovial fluid is governed by interactions between synovial fluid component macromolecules. Fig. 3 shows typical flow curves of a a synovial fluid model for different pre-sheared conditions, consisting of albumin 11mg/ml, -globulin 7 mg/ml and hyaluronic acid 3 mg/ml in phosphate buffered saline [2] . From the point of view of the rheological properties, the hyaluronan solutions, and as such the synovial fluid, present non-Newtonian behaviour. This means that the viscosity decreases when the shear stress increases thus increasing lubrication. The viscosity is important in providing lubrication when the solution is subjected to gradual shear stress. Breakdown of the fluid may lead to arthritis.
The rheological model that approximately describes the behaviour of the synovial fluid is the power law model, expressed as:
The rheological parameters (consistency index m and flow index n) of the synovial fluid depend on the concentration of hyaluronic acid. Table 1 shows these parameters, obtained by mathematically regresion of the flow curves [1] . A summary view on the results from Table 1 shows that non-Newtonian behaviour of the synovial fluid increases with the increasing of the concentration of hyaluronic acid, which corresponds to healthy patients. For the rheumatoid arthritic patients, the synovial fluid becomes Newtonian, because of its degradation by the low polymerization of the hyaluronic acid, [1] .
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PSEUDO-PLASTIC LUBRICATION OF THE HIP JOINT WITH THE SYNOVIAL FLUID
The hip assembly 3-D image generated with MIMICS software [3] , can be seen in Fig. 4 . Taking into account the salient features encountered in synovial joints ( Fig. 5 [1] ), a simplified model is proposed for the study of the human joint, Fig. 6 . The main hypotheses of this study are:
 the flow is laminar, incompressible and stationary;
 the hip joint is considered as a spherical bearing, of the "fitted" type (without clearance) [6] ;
 both surfaces of the spherical bearings are rigid; the elastic and the porous behavior of the articular cartilage are not considered. The film thickness in the bearing is expressed as:
The equilibrium equation of the forces acting on an elementary fluid volume, written in polar coordinates for a symmetrical circumferential flow is:
The velocity distribution in the squeezed film, for the power law model (Eq. 1), is given by the following equations: 
The squeeze flow, at a radius r, obtained by the integration of the velocity profile (Eq. 4) and taking into account of the value of the film thickness (Eq. 2), has the expression: 
The same flow Q expressed as a function of the approach velocity V of the moving surface is:
The pressure equation is obtained from equations (5) and (6) Written in dimensional values, equation (8) gives the non-liniear differential equation for the movement of the center of the bearing O 1 (eccentricity e versus squeezing time t):
In order to observe the different behavior of the synovial fluid, as a lubricant of the hip joint, two cases have been considered:
 the case of a healthy patient, for whom the synovial fluid is non-Newtonian and its parameters vary according to the Table 1 ;
 the case of a rheumatoid arthritic patient, for whom the synovial fluid is Newtonian (approx. Non-dimensional pressure p/pmax 1.00E-10 1.00E-9 1.00E-8
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Non-dimensional load capacity  the variation of the minimum film thickness versus squeezing time (Fig. 9) , obtained by numerically solving of the non-linear differential equation (9);
 the variation of the friction coefficient versus squeezing time (Fig. 10) , given by the relation ( 
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CONCLUSIONS
1. The proposed model for the lubrication of the hip joint approximate well enough the real behavior of the joint for healthy or arthritic patients, even both surfaces of the spherical bearing are rigid and not elastic and porous.
2. It has been theoretically demonstrated that the behavior of the synovial fluid as a non-Newtonian fluid conduce to lower values of the friction coefficient and film thickness, comparative to the Newtonian fluid.
3. The pressure distribution for the non-Newtonian fluid is more flattened and without prominent peaks like in the case of the Newtonian fluid. This conclusion offer an explication to the development of the osteoarthritis to the arthritic patients.
